The endosperm in plants is a major source of human nutrition and industrial raw material. The genetic study of endosperm poses a great challenge due to its complex genetic composition and unique physical and developmental properties. In this note, we shall revisit 2 classic mating designs-North Carolina Design III (NCIII) and triple test cross (TTC)-and demonstrate their efficiency in detecting quantitative trait loci underlying endosperm traits.
Double fertilization is a characteristic feature in angiosperms. Each male gametophyte (pollen grain) carries 2 haploid sperm cells. One sperm fertilizes the egg cell, and the other fuses with the homodiploid central cell of the female gametophyte (embryo sac), resulting in the formation of the diploid embryo and the triploid endosperm, respectively; the latter nourishes the seed development similar to the placenta in mammals. The endosperms in cereals store reserves in the form of carbohydrates, proteins, and fats, etc., and represent the most important source of humankind's food and raw materials for numerous industrial products. The genetic dissection of the endospermspecific traits is therefore crucial to our understanding of the development and evolution of endosperm and will provide valuable information on the design of marker-assisted selection strategy for improving the grain yield and nutritional quality of cereals.
Although double fertilization was discovered early in the 1890s (Nawaschin 1898; Guignard 1899) , the trisomic inheritance and other features of endosperm were not fully recognized by statistical geneticists until 2 decades ago (Mo 1987 ). Mo's model laid a basis for the later development of more comprehensive models (Bogyo et al. 1988; Pooni et al. 1992; Zhu and Weir 1994) . The study of endosperm was further revolutionized by the application of genetic mapping to locate quantitative trait loci (QTLs). Wu, Lou, et al. (2002) and Xu et al. (2003) first developed the QTL mapping approaches for endosperm traits, within the context of maximum likelihood (ML) and iteratively reweighted least squares, respectively. Kao (2004) proposed a triploid multiple interval mapping method that allows a simultaneous search of multiple QTL. All these methods have greatly improved resolution. In practice, seeds collected from each plant are usually bulked for measuring the quality traits. Previously, we have developed a bulkedsampling method to accommodate this data type (Wang et al. 2008) , where the uncertainty of the endosperm genotypes was incorporated into the likelihood using the multinomial model. Because more genetic parameters are involved, triploid endosperm mapping is statistically more demanding, especially in bulked-sampling mapping where the use of plant-mean phenotype incurs more information loss.
Two types of experimental designs were commonly used in the current endosperm QTL mapping. The first is the conventional 1-stage that draws marker information only from diploid maternal plants. Taking the F 2 population as an example, the traits are scored using the seeds from the F 2 plants (either in single grain or bulked form), whereas the endosperm genotypes are predicted based on the F 2 genotypes. Because the seeds are actually F 3 progeny, this data set is also referred as F 2:3 mapping population. But previous studies have showed that the estimates of some genetic effects could be severely biased under the 1-stage design Wang et al. 2008) . The second design (2-stage design) draws markers from both maternal plants and their embryos and is thus more precise. However, the extraction of DNA from embryo is often hard or impossible when the measurement of phenotype studies needs to sacrifice the entire grain. Besides, the results from the 2-stage design were sensitive to the sample allocation between 2 generations (Wu, Lou, et al. 2002) . This note proposes 2 special designs to resolve these issues.
Method
The simplest form of single-seed and plant-mean phenotypic value of an endosperm trait can be expressed by
respectively, where Y ij is the phenotypic value of the jth endosperm on the ith plant; X 1ij , X 2ij ; and X 3ij are the indicator variables, defined as X 1ij 53=2; X 2ij 5X 3ij 50 for genotype QQQ; X 1ij 51=2; X 2ij 51; X 3ij 50 for genotype QQq; X 1ij 5 À 1=2; X 2ij 50; X 3ij 51 for genotype Qqq; and X 1ij 5 À 3=2; X 2ij 5X 3ij 50 for genotype; l is the overall mean of the population; a is the additive effect; d 1 and d 2 are the first and second dominant effects, respectively; and e ij denotes the residual error. y i is the mean value over the n i observations on the ith plant and y i 5
X 3ij =n i ; and
Much information is lost in the transition from Model 1 to Model 2. It has been proved that, using the ordinary F 2 design, the conditional probabilities of the endosperm QTL genotypes QQq and Qqq given the marker information of the maternal plants are always equal under the bulkedsample model (Xu et al. 2003) . All the working methods were therefore forced to be constructed on a reduced model with constraint of equal dominant effects, that is, d 1 5d 2 : Even the single endosperm-based method cannot perfectly separate 2 dominances, where the first dominance tends to be overestimated whereas the second dominance underestimated (Wang et al. 2008) . Our study also indicated that under the bulked-sample methods, other parameters could be estimated accurately only with a sufficient sample size. Figure 1 offers the possibility of overcoming all these limitations by borrowing strength from 2 classic mating designs, that is, North Carolina Design III (NCIII) and the triple test cross (TTC). Originally devised by Comstock and Robinson (1952) , NCIII can be considered as an integration of the F 2 and backcross designs. As illustrated in Figure 1 , a favorable feature of NCIII for the endosperm mapping is that 2 heterozygous endosperm genotypes can be naturally assigned to different lines. Therefore, 2 dominant effects can virtually be estimated independently. TTC design (Kearsey and Jinks 1968) extends NCIII by adding a third tester, which provides an even more powerful scheme in estimating 2 dominant effects and all other parameters.
Denote p 1i ; p 2i ; and p 3i as the conditional probabilities of 3 diploid genotypes QQ, Qq, andfor the ith plant in the population, respectively. They can be inferred from marker information from the F 2 generation, either based on the flanking marker genotypes or the whole marker genotypes on the chromosome. Let the conditional probabilities of the 4 possible endosperm genotypes QQQ, QQq, Qqq, andfor the jth seed of the ith plant be p# 1i ; p# 2i ; p# 3i ; and p# 4i ;
respectively. In the line L 1i , we can infer that p# 1i 5p 1i þ p 2i =2; p# 3i 5p 2i =2 þ p 3i ;and p# 2i 5p# 4i 50: In the line L 2i , p# 1i 5p# 3i 50, p# 2i 5p 1i þ p 2i =2; and
Let y 1i ; y 2i ; and y 3i denote the mean observations of the 3 lines on the ith plant, respectively. The counts of 4 endosperm QTL genotypes n ki1 ; n ki2 ; n ki3 ; and n ki4 in total n ki endosperms (k denotes 3 different lines, k 2 f1; 2; 3g) follow a multinomial distribution pðn ki1 ; n ki2 ; n ki3 ; n ki4 Þ 5
y ki can be modeled as a mixture of n k 5
; n ki2 ; n ki3 ; n ki4 Þf ð y ki jn ki1 ; n ki2 ; n ki3 ; n ki4 Þ;
where X denotes the sample space of n ki1 ; n ki2 ; n ki3 ; and n ki4 : With 2 lines generated in NCIII and 3 in TTC, Model 2 can be modified as
where x 1ki ; x 2ki ; and x 3ki can be given by x 1ki 5ð3n ki1 þ n ki2 À n ki3 À 3n ki4 Þ=ð2n ki Þ;
x 2ki 5n ki2 =n ki ; and x 3ki 5n ki3 =n ki ; respectively. The conditional expectation of y ki ; Eðy ki jn ki1 ; n ki2 ; n ki3 ; n ki4 Þ; is therefore l þ x 1ki aþ x 2ki d 1 þ x 3ki d 2 ; and the conditional variance of y ki ; Varð y ki jn ki1 ; n ki2 ; n ki3 ; n ki4 Þ; equals to r 2 e =n ki : In a detailed form, f ð y ki jn ki1 ; n ki2 ; n ki3 ; n ki4 Þ 5 ffiffiffiffiffi ffi
The overall log likelihood for 2l or 3l mean observations of l F 2 plants in NCIII and TTC can be unified as
where N is the number of lines ðN 2 f2; 3gÞ: Although implementing full mixture components into the likelihood is mathematically straightforward, the computational requirement is prohibitive when sample size of endosperms is large because there are n k combinations of endosperm genotypes for each plant. To reduce the complexity, we propose an approximate model where the phenotypic distribution is decomposed on the maternal plants. In other words, this model treats bulked samples from each plant as if they have a composite genotype underlying. The bulked mean for each line can be approximately estimated as shown in Figure 1 , which leads to the following conditional distributions
The reduced model, therefore, possesses only 3 mixtures, which results in
The total log likelihood function of Nl means becomes
An ML method can be used to estimate the parameters in Models 6 and 8, which is described in more detail in Supplementary Methods.
Simulation Study
The efficiency of the proposed designs and models was tested using a series of simulated data. A QTL was designed to locate at the 55 cM of a mimic chromosome, which is 100 cM in length and covered by 11 evenly spaced markers. The effects of the QTL are a54; d 1 5d 2 52; and l520: We generated data with various QTL heritability, sample sizes of F 2 population, and number of endosperms per line. Each data treatment was analyzed using the proposed approximate method with 100 replicates. The statistical powers of QTL detection as well as the estimates of the QTL effects under different simulation schemes are summarized in Table  1 . Both NCIII and TTC designs had increased power in detecting QTL. And both designs provided reasonably precise and accurate estimation of QTL positions and effects, especially the 2 dominant effects, which perfectly overcomes the aforementioned drawback of F 2:3 design. From the table, we can see that the TTC is consistently superior over the NCIII in both power and estimates. But the difference between them becomes very subtle when the condition is less adverse, that is, with higher heritability and larger sample sizes.
Discussion
Genetic effects of a quantitative trait can be partitioned into additive and nonadditive (dominance and epistasis) components. Whereas animal breeding mainly focuses on the genetic improvement of additive effect, considerable attention is given to nonadditive variation in plant breeding, especially in crossbreeding and hybrid programs (Auger et al. 2005; Oakey et al. 2006) . Nonadditive effects also interested researchers in their relations to heterosis (Xiao et al. 1995) . With larger number of gene combinations, it is Figure 1 . Both NCIII and TTC designs begin with an F 2 segregating population having l plant individuals, created from a cross between 2 parental inbred lines that differ in the trait of interest. Assume that we sample l plants from F 2 generation for marker genotype assay. Instead of selfing the F 2 to produce F 2:3 progeny, in the NCIII scheme, all F 2 individuals are backcrossed as female parents with pollen from each parental line: P 1 and P 2 . The individuals in 2 resulting lines, denoted by L 1i and L 2i , are then scored for studied phenotypes. The genetic constitutions of these 2 lines are fairly special. Because F 2 s must contribute 2 copies of the same alleles, each line will possess only one type of heterozygous endosperm genotype, that is, L 1i having Qqq whereas L 2i having QQq. In the TTC scheme, the F 2 individuals are further backcrossed to F 1 to generate third line L 3i . Although the third line possesses both QQq and Qqq, the conditional probabilities of these 2 genotypes are different, which will provide additional information in distinguishing 2 dominant effects.
expected that the triploid endosperm has more chances to generate significant dominance effects than diploid tissues (Pooni et al. 1992) . Strong dominance effects of QTL have been detected affecting the maize grain quality traits (Wu, Lou, et al. 2002) , which depend largely on the genetic architecture of the endosperm. Exploiting nonadditive effects has been a persistent challenge for investigators (Walsh 2005) . Conventional mating schemes like NCIII and TTC allow independent estimation of the magnitude of the full range of genetic effects but only on the overall variance component level. With molecular markers and welldeveloped genetic mapping methods, we are now able to easily assess hundreds of loci across the genome. However, the ordinary segregation populations often produce unreliable estimates on the nonadditive effects of endosperm traits. The proposed approach aimed to remedy these limitations and has been shown to be capable of separating confounding dominances, which will further facilitate the implementation of the triploid epistatic model.
Here are a few take-home messages based on the simulation studies. First, we recommend that investigators first consider NCIII design, unless more effects like epistasis are incorporated. TTC design is comparatively more informative but less cost-effective considering its heavier work of artificial crossing. And our simulations showed that TTC had limited improvement in overall performance. Second, the efficiency of the method is robust over different sampling schemes. If the sample size of the F 2 population is fixed, one can still achieve satisfactory results by testing more endosperms and vice versa. But we do suggest that the product of the number of F 2 plants and their seeds be greater than 250 to detect QTL with moderate heritability and effects. Finally, the full model method is always suggested in a real data analysis because it is clearly more accurate, and there is no need to run a large number of replicates even if in the simulations.
Factors like technical conditions and the cost of genotyping and artificial crossing in a specific program should be considered in choosing between the genotypingintensive 2-stage design and our designs that involve heavier crossing work. But both NCIII and TTC are more efficient than the method based on the random hybridization design (Wen and Wu 2006 ) that involves much laborious crossing. The pollination in our designs is much easier and faster because there are only 2 pollen sources in NCIII and 3 in TTC.
This work provides an example of how traditional mating designs can be integrated with molecular techniques in today's plant breeding. The merits of easily arranged crossing, large population, and amenability to genetic manipulation in plants should be adequately utilized. More types of designs can be explored, and they will greatly aid the gene discovery and genetic improvement of the complex traits. 
